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Abstract

The rapid diffusion of artificial intelligence (Al) into higher education has intensified concern
over how universities can cultivate the twenty-first-century competencies, namely critical
thinking, creativity, collaboration, and communication, that graduates increasingly require.
This study examined how five antecedents, namely Al literacy, perceived teacher support,
academic self-efficacy, growth mindset, and facilitating conditions, relate to these
competencies among Chinese university students, and the extent to which student
engagement mediates these relationships. Integrating Social Cognitive Theory, Self-
Determination Theory, and the unified theory of acceptance and use of technology within a
presage-process-product logic, the study tested sixteen hypotheses using partial least squares
structural equation modelling on cross-sectional survey data from 400 undergraduates. The
measurement model demonstrated satisfactory reliability and validity, and the structural
model explained 49.1% of the variance in student engagement and 58.4% in twenty-first-
century competencies. Eleven hypotheses were supported. Al literacy, perceived teacher
support, academic self-efficacy, and growth mindset each predicted engagement;
engagement predicted competencies; and engagement mediated the effects of all four
antecedents, fully mediating perceived teacher support and growth mindset. Facilitating
conditions showed no significant association with either engagement or competencies. The
findings position student engagement as the common behavioural pathway through which
personal and social antecedents are converted into competency, and they suggest that
institutional strategy should prioritise the cultivation of Al literacy and supportive teaching
over the provision of technological infrastructure alone.

Keywords: Artificial Intelligence Literacy, Student Engagement, Twenty-First-Century
Competencies, Higher Education, Partial Least Squares Structural Equation Modelling

Introduction

Artificial intelligence (Al) has rapidly permeated global higher education. What started
as a peripheral digital utility is now an expected component of university students'
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information-seeking, writing, editing, and brainstorming (Thornhill-Miller et al., 2023). The
impact of Al goes beyond tools to influence the competencies that higher education is
expected to impart. Competencies for the future of work and education that are most valued
by employers and policy-makers worldwide involve the so-called Four Cs: critical thinking,
creativity, collaboration, and communication, rather than just accumulating information that
Al systems could access quickly (Thornhill-Miller et al., 2023; World Economic Forum, 2025).

China's Al initiatives in higher education are arguably one of the most ambitious state-
led effort in the world with programs spanning from the New Generation Artificial Intelligence
Development Plan (State Council of the People's Republic of China, 2017) to the integration
of Al into university education (Ministry of Education of the People's Republic of China, 2018;
Yang & Peters, 2026). China's larger education system is the largest in the world with over 48
million university students and around 12 million graduate each year to a highly competitive
labor market (Ministry of Education of the People's Republic of China, 2024). Chinese
university students are regularly using domestic and foreign Al tools for educational support,
and the conditions for Al-based learning are developing rapidly.

However, access and availability do not guarantee competency development. An
increasing body of evidence suggests that if Al tools are used without consideration and
critically, it might have a negative impact on the very skills that are intended to be supported
(Gerlich, 2025; Chan & Hu, 2023). The decisive question is therefore not whether students
encounter Al, but under what conditions that encounter builds rather than diminishes
competency, and through what mechanism personal, social, and technological factors
translate into competency development.

Three gaps in the existing literature motivate the present study. First, the determinants
of competency, such as Al literacy, teacher support, self-efficacy, mindset, and enabling
conditions, have largely been examined in isolation rather than within a single, integrated
model, making their relative contributions difficult to compare. Second, the mechanism that
links these determinants to competency outcomes is under-theorised and under-tested; in
particular, the role of student engagement as a mediating process has rarely been examined
directly. Third, there is limited Chinese-specific, theory-integrated evidence, analysed with
rigorous variance-based methods, on the development of the Four-C competency cluster
among university students.

Accordingly, this study develops and tests an integrated model in which five
antecedents, namely Al literacy, perceived teacher support, academic self-efficacy, growth
mindset, and facilitating conditions, relate to twenty-first-century competencies both directly
and indirectly through student engagement. Drawing on Social Cognitive Theory, Self-
Determination Theory, and the unified theory of acceptance and use of technology,
integrated through a presage-process-product logic, the study addresses four research
guestions: whether each antecedent is associated with student engagement; whether
engagement is associated with twenty-first-century competencies; whether each antecedent
is directly associated with those competencies; and whether engagement mediates these
relationships. By answering these questions with data from 400 Chinese undergraduates and
partial least squares structural equation modelling (PLS-SEM), the study offers an empirically
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grounded account of how competency develops in the age of Al, with implications for theory,
institutional practice, and education policy.

Literature Review
Twenty-First-Century Competencies and Student Engagement

Twenty-first-century skills refer to the transferable, higher-order skills that are
necessary for work, learning, and citizenship in a world that is increasingly complex and
technology-driven. A commonly adopted conceptualization is the Four-C model, which
includes: critical thinking, creativity, collaboration and communication (Battelle for Kids,
2019). Although it may lack conceptual precision, its four skills remain valuable as they are
the least automatable and the most highly desired in today's graduate labor market
(Thornhill-Miller et al., 2023; Romero, 2026). In this study, the Four-C model was
conceptualized as a cluster of skills, and no emphasis was placed on any single one of them.

Student engagement is frequently conceptualized as the proximal behavioral process in
which the educational process is enacted. Following the influential tripartite
conceptualisation of Fredricks et al. (2004), engagement comprises behavioural engagement
(effort, participation, and persistence), emotional engagement (interest, enjoyment, and
belonging), and cognitive engagement (deep processing and self-regulation). Since skills and
competencies are not necessarily acquired by virtue of students' attributes, but rather
through active, meaningful, and intentional participation in educational activities, student
engagement is considered in this study as the mechanism that connects the antecedents and
student skills and competencies. A growing body of higher education research also
conceptualizes student engagement as a mediator linking antecedents—motivational and
technological—and educational outcomes (An et al., 2024; Li et al., 2023; Peng et al., 2026).

Theoretical Framework

To better understand the process of competency development in Al-based learning
environment, this study adopted and integrated three theories. Social Cognitive Theory
(Bandura, 1986, 1997) posits that personal agency and self-efficacy beliefs direct and regulate
the effort, endurance, and goal setting involved in engagement and competency. In a similar
manner, Self-Determination Theory (Deci & Ryan, 1985; Ryan & Deci, 2000, 2020) maintains
that need-satisfying, need-supportive social contexts, especially supportive teaching, fuel
engagement in learners by meeting their need for competence, autonomy, and relatedness.
The unified theory of acceptance and use of technology, in its extended form (Venkatesh et
al., 2003, 2012), contributes the construct of facilitating conditions, the perceived resources
and support that enable technology use.

These theories are integrated through the presage-process-product (3P) logic, which
has been applied productively to Al-and-learning research in higher education (Lu et al.,
2025). In this framing, the five antecedents constitute presage factors that students bring to,
or encounter in, the learning environment; student engagement constitutes the process
through which those factors operate; and twenty-first-century competencies constitute the
product. The 3P logic thus provides a coherent rationale for positioning engagement as the
mediating mechanism and for expecting that the influence of presage antecedents on
competency will be carried, wholly or partly, through engagement.
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Hypothesis Development

Drawing on these theories and on recent empirical evidence, the study advances sixteen
hypotheses. The first set concerns the antecedents of engagement. Al literacy, the capacity
to understand, use, critically evaluate, and ethically apply Al, is expected to foster
engagement by enabling students to use Al tools in ways that deepen rather than bypass
learning (Lu et al., 2025; Jia & Tu, 2024). Perceived teacher support is expected to energise
engagement consistent with Self-Determination Theory and with meta-analytic and Chinese
evidence (Tao et al., 2022; Gong & Xu, 2024). Academic self-efficacy is expected to drive the
effort and persistence that constitute engagement (Bandura, 1997; Wang & Zhang, 2024).
Growth mindset is expected to relate positively, though more modestly, to engagement,
consistent with evidence that mindset effects are genuine but small (Sisk et al., 2018;
Macnamara & Burgoyne, 2023). Facilitating conditions are expected to support engagement
by reducing barriers to Al-based learning (Venkatesh et al., 2012). These expectations yield
H1 to H5, each positing a positive association between an antecedent and student
engagement.

The second hypothesis concerns the engagement-competency link: student
engagement is expected to be positively associated with twenty-first-century competencies
(H6), consistent with the view of engagement as the proximal pathway to higher-order
learning outcomes (Fredricks et al., 2004). The third set concerns the direct associations
between each antecedent and competencies, over and above engagement (H7 to H11),
reflecting the possibility that some antecedents, such as the critical-evaluative dimension of
Al literacy and the agentic quality of self-efficacy, contribute directly to competency as well
as indirectly (Shahzad et al., 2024; Wang, Sun, & Chen, 2023). The final set concerns
mediation: student engagement is expected to mediate the relationship between each
antecedent and competencies (H12 to H16). Figure 1 presents the hypothesised model.

~ ~

Direct effects (H7-H11, dashed)
Al Literacy

Perceived Teacher
Support

- Stirdent
~--Engagement ~---f-

Academic

21st-Century
Self-Efficacy Competencies

(the Four Cs)

~~-(behavioural - cognitive - emotiol

Growth Mindset

Facilitating
Conditions

Mediated effects: H12-H16 (antecedent — engagement — competencies)

Figure 1. Hypothesised research model.
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Methodology
Research Design

The study adopted a quantitative, cross-sectional survey design and analysed the data
using partial least squares structural equation modelling (PLS-SEM). PLS-SEM was selected
because the model is complex, involving a mediator and multiple antecedents; because the
analysis is oriented towards explaining and predicting the target constructs; and because the
method accommodates non-normal data and latent constructs measured reflectively (Hair et
al., 2019, 2022). Consistent with the cross-sectional design, all relationships are interpreted
as associational rather than causal.

Population, Sample, and Procedure

The target population comprised Chinese undergraduate students. Using a multistage
sampling procedure, an anonymous self-administered questionnaire was distributed, yielding
400 returns. The first 50 responses were used as a pilot sample to assess the reliability of the
instrument ; as the pilot confirmed that the instrument was reliable and required no
modification, data collection continued with the same instrument and these cases were
retained as part of the main sample. After screening for incomplete responses, out-of-range
values, and straight-line (zero-variance) response patterns, the main analytic sample
comprised 400 complete and valid cases with no missing values. This sample size exceeds the
recommendation of Krejcie and Morgan (1970) for large populations and comfortably
satisfies the PLS-SEM ten-times rule (Hair et al., 2022), under which the most complex
construct in the model would require only 60 cases. The realised sample fell short of the initial
target of 500, owing to voluntary non-response and an end-of-semester data-collection
window; nonetheless, it remained adequately powered for the planned analysis.

Instrument

The questionnaire comprised a demographic section and 35 items measuring the seven
constructs on a five-point Likert scale (1 = strongly disagree to 5 = strongly agree), with five
items per construct. All multi-item measures were adapted from previously published and
validated instruments: Al literacy from scales developed for college populations (Ma & Chen,
2024; Wang, Rau, & Yuan, 2023); perceived teacher support from the emotional and
instrumental support scale of Federici and Skaalvik (2014); academic self-efficacy from the
New General Self-Efficacy Scale (Chen et al., 2001); growth mindset from the implicit theories
of intelligence tradition (Dweck, 1999; Dweck et al., 1995); facilitating conditions from the
UTAUT2 construct (Venkatesh et al., 2012); student engagement from the tripartite model
(Fredricks et al., 2004; Li et al., 2023); and twenty-first-century competencies from Four-C
instruments (Panthumas et al., 2024; Battelle for Kids, 2019). Items were rendered into
Chinese through a translation and back-translation procedure (Brislin, 1970), and content
validity was reviewed by subject-matter experts (Lawshe, 1975). Table 1 summarises the
constructs and their sources.
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Table 1

Operationalisation of the study constructs.

Construct Code Dimensions Source scale  Representative
(adapted) item
Al literacy AlL Awareness; use Ma & Chen “l can critically
& application; (2024); evaluate the
evaluation; Wang, Rau, & accuracy and
ethics Yuan (2023) reliability of the
content
produced by Al
tools.”
Perceived PTS Emotional Federici & “My teachers
teacher support; Skaalvik are willing to
support instrumental (2014) help me
support whenever | have
difficulties with
my studies.”
Academic self- ASE Unidimensional Chen, Gully, “When facing
efficacy (academic & Eden difficult
capability belief) (2001) academic tasks, |
am certain that |
will accomplish
them.”
Growth GM Incremental Dweck “| believe my
mindset (growth) belief (1999); abilities can be
about ability Dweck, Chiu,  developed with
& Hong effort and good
(1995) strategies.”
Facilitating FC Unidimensional Venkatesh, “l have the
conditions (perceived Thong, & Xu resources
enabling (2012) necessary to use
resources) Al tools for my
learning.”
Student SE Behavioural; Fredricks, “When | study, |
engagement emotional; Blumenfeld, try to
cognitive & Paris understand the
(2004); Li et material deeply
al. (2023) rather than just
memorise it.”
21st-century TCC Critical thinking; Panthumas, “l can analyse a
competencies creativity; Zaw, & problem from
collaboration; Kittipichai several different
communication (2024); perspectives
Thornhill- before reaching
Miller et al. a conclusion.”
(2023)

Data Analysis

Analysis followed the standard two-stage PLS-SEM procedure (Hair et al., 2022). The
reflective measurement model was assessed first, through indicator loadings, internal
consistency reliability (Cronbach's alpha, rho_A, and composite reliability), convergent
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validity (average variance extracted), and discriminant validity (the heterotrait-monotrait
ratio (Henseler et al., 2015) and the Fornell-Larcker criterion (Fornell & Larcker, 1981)).
Common method bias was examined using Harman's single-factor test (Podsakoff et al., 2003)
and the full collinearity approach of Kock (2015). The structural model was then assessed
through collinearity diagnostics, path coefficients, the coefficient of determination (R-
squared), effect size (f-squared), and predictive relevance (Q-squared). The significance of
path coefficients and specific indirect effects was established using bootstrapping with 5,000
subsamples, and mediation was classified following Zhao et al. (2010) and Nitzl et al. (2016).

Results
Respondent Profile and Descriptive Statistics

The 400 respondents in the main sample were closely balanced by gender and were
diverse across year of study, disciplinary field, institution type, and experience with Al tools.
Descriptive statistics for the seven constructs are reported in Table 2. Construct means
clustered near the mid-point of the five-point scale (2.98 to 3.02), with comparable standard
deviations (0.82 to 0.85). All skewness values fell between -0.07 and 0.12 and all kurtosis
values between -0.63 and -0.31, well within the thresholds of plus or minus 1 and plus or
minus 2 respectively, indicating approximately symmetric, near-normal univariate
distributions and sufficient variance for variance-based estimation.

Table 2

Descriptive statistics of the constructs (N = 400).
Construct Items M SD Skewness Kurtosis
(code)
Al literacy (AlIL) 5 3.004 0.835 0.099 -0.619
Perceived 5 3.021 0.828 -0.001 -0.311
teacher
support (PTS)
Academic self- 5 2.990 0.849 0.073 -0.551
efficacy (ASE)
Growth 5 2.984 0.826 0.118 -0.552
mindset (GM)
Facilitating 5 3.000 0.823 -0.067 -0.307
conditions (FC)
Student 5 3.005 0.818 -0.021 -0.376
engagement
(SE)
21st-century 5 3.004 0.848 0.068 -0.626
competencies
(TCC)

Measurement Model

A pilot study (n = 50) returned Cronbach's alpha coefficients between 0.843 and 0.902
for all constructs, indicating that no items required modification. In the main sample, the
measurement model met all assessment criteria, as reported in Table 3. All 35 indicators
loaded at or above the 0.708 threshold, with loadings ranging from 0.79 to 0.87. Internal
consistency was strong across constructs: Cronbach's alpha ranged from 0.878 to 0.899,
rho_A from 0.878 to 0.899, and composite reliability from 0.911 to 0.925, all within the
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acceptable 0.70-t0-0.95 band. Convergent validity was satisfied, with the average variance
extracted (AVE) of every construct exceeding 0.50 (range 0.672 to 0.712).

Table 3
Indicator loadings, reliability, and convergent validity.
Construct Indicator Loading alpha rho_A CR AVE
Al literacy AlL1 0.823 0.890 0.890 0.919 0.695
AlL2 0.837
AIL3 0.839
AlL4 0.842
AILS 0.827
Perceived PTS1 0.834 0.891 0.891 0.920 0.696
teacher
support
PTS2 0.869
PTS3 0.810
PTS4 0.827
PTS5 0.831
Academic self- ASE1 0.842 0.899 0.899 0.925 0.712
efficacy
ASE2 0.852
ASE3 0.839
ASE4 0.849
ASE5S 0.837
Growth GMI1 0.787 0.878 0.878 0.911 0.672
mindset
GMI2 0.828
GMI3 0.834
GMI4 0.831
GMI5 0.816
Facilitating FC1 0.821 0.889 0.889 0.918 0.692
conditions
FC2 0.832
FC3 0.831
FC4 0.835
FC5 0.839
Student SE1 0.832 0.879 0.879 0.912 0.674
engagement
SE2 0.818
SE3 0.808
SE4 0.811
SES 0.835
21st-century TCC1 0.832 0.890 0.890 0.919 0.694
competencies
TCC2 0.819
TCC3 0.848
TCC4 0.825
TCCS5 0.841

Discriminant validity was confirmed by two criteria. All heterotrait-monotrait (HTMT)
ratios were below the conservative 0.85 threshold, the largest being 0.755, and the Fornell-
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Larcker criterion was satisfied, with the square root of each construct's AVE exceeding its
correlations with all other constructs (Table 4).

Table 4
Discriminant validity (Fornell-Larcker criterion).
AIL PTS ASE GM FC SE TCC
AIL 0.834
PTS 0.043 0.834
ASE -0.034 -0.069 0.844
GM -0.006 -0.012 -0.017 0.819
FC -0.007 0.010 -0.027 0.015 0.832
SE 0.505 0.451 0.145 0.104 0.021 0.821
TCC 0.516 0.253 0.370 0.050 -0.009 0.668 0.833

Common method bias was not a concern. Harman's single-factor test attributed only
23.08% of the total variance to the largest single factor, well below the 50% threshold, and all
full-collinearity variance inflation factors ranged from 1.008 to 2.436, comfortably below the
3.3 criterion (Kock, 2015).

Structural Model and Hypothesis Tests

Inner-model collinearity was negligible (all variance inflation factors below 2.0). The
model demonstrated substantial explanatory power: the five antecedents jointly accounted
for 49.1% of the variance in student engagement (R-squared = 0.491), and the antecedents
together with engagement accounted for 58.4% of the variance in twenty-first-century
competencies (R-squared = 0.584). Predictive relevance was confirmed, with Q-squared
values of 0.331 for engagement and 0.405 for competencies, both well above zero.

Table 5 reports the direct path coefficients. Four of the five antecedents were significant
positive predictors of engagement: Al literacy (beta = 0.494, p < .001), perceived teacher
support (beta = 0.444, p < .001), academic self-efficacy (beta = 0.195, p <.001), and growth
mindset (beta = 0.115, p < .001), supporting H1 to H4. Facilitating conditions did not predict
engagement (beta = 0.023, p = .493), so H5 was not supported. Student engagement was the
strongest predictor of competencies (beta =0.438, p <.001), supporting H6. Among the direct
antecedent-to-competency paths, Al literacy (beta = 0.302, p < .001) and academic self-
efficacy (beta = 0.321, p < .001) were significant, supporting H7 and H9, whereas perceived
teacher support (beta = 0.065, p = .069), growth mindset (beta = 0.013, p = .706), and
facilitating conditions (beta = -0.009, p = .797) were not, so H8, H10, and H11 were not
supported.
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Table 5
Structural model: direct path coefficients and hypothesis tests.
Hyp. Path beta SE t p 95% ClI Decision
H1 AIL - SE 0.494 0.033 14.95 <.001 [0.429, Supported
0.556]
H2 PTS - SE 0.444 0.036 12.50 <.001 [0.373, Supported
0.512]
H3 ASE - SE 0.195 0.035 5.53 <.001 [0.123, Supported
0.262]
H4 GM - SE 0.115 0.034 3.35 <.001 [0.048, Supported
0.181]
H5 FC - SE 0.023 0.034 0.69 493 [-0.041, Not
0.090] supported
H6 SE - TCC 0.438 0.042 10.42 <.001 [0.356, Supported
0.518]
H7 AlL - 0.302 0.039 7.79 <.001 [0.225, Supported
TCC 0.377]
H8 PTS = 0.065 0.036 1.82 .069 [-0.005, Not
TCC 0.136] supported
H9 ASE > 0.321 0.035 9.21 <.001 [0.252, Supported
TCC 0.388]
H10 GM > 0.013 0.033 0.38 .706 [-0.051, Not
TCC 0.078] supported
H11 FC > TCC -0.009 0.034 -0.26 797 [-0.076, Not
0.057] supported
Mediation Analysis

The specific indirect effects are shown in Table 6. In total, student engagement served
to mediate four of the five relationships with antecedents and competency. The indirect
effects of Al literacy (0.216, p < .001), perceived teacher support (0.195, p < .001), academic
self-efficacy (0.085, p < .001), and growth mindset (0.050, p = .002) were significant,
supporting H12 through H15, while the indirect effect for facilitating conditions was not
(0.010, p =.499), indicating H16 was not supported. This pattern of mediation has theoretical
implications. In the cases of Al literacy and academic self-efficacy, both the indirect effects
and the direct effects are significant and are consistent in sign, showing the occurrence of
(partial) mediation. In the instances of growth mindset and perceived teacher support, the
indirect effect is significant, while the direct effect is not, implying (indirect-only) full
mediation. This means that the link to competency occurs entirely through engagement for
these constructs. Of the sixteen hypotheses put forth, eleven were supported.
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Table 6
Mediation analysis: specific indirect effects.
Hyp. Indirect Indirect SE t p 95% Cl Mediation type Decision
path effect
H12 AlIL - SE 0.216 0.025 8.51 <.001 [0.168, Complementary Supported
- TCC 0.267] (partial)
H13 PTS - SE 0.195 0.024 8.15 <.001 [0.149, Full (indirect-only) Supported
- TCC 0.243]
H14 ASE - SE 0.085 0.017 5.02 <.001 [0.052, Complementary Supported
- TCC 0.119] (partial)
H15 GM - SE 0.050 0.016 3.19 .002 [0.021, Full (indirect-only) Supported
- TCC 0.082]
H16 FC - SE 0.010 0.015 0.68 499 [-0.018, No mediation Not
- TCC 0.041] supported
Discussion

The findings provide a clear and theoretically-consistent narrative of how twenty-first
century competencies arise in an Al-enabled learning setting. The main result is that student
engagement was the common behavioral conduit through which the antecedents connected
to competency. Engagement was the best individual predictor of competency and also
mediated four of the five antecedent effects, validating both the core proposition and the
presage-process-product construct underpinning the study.

In the context of engagement antecedents, Al literacy and perceived teacher support
were the strongest predictors. The high standing of Al literacy supports the argument that in
the context of an Al-enabled setting, the ability to use Al in a purposeful and critical manner
affects the depth of students' engagement (Lu et al., 2025; Jia & Tu, 2024). The potency of
perceived teacher support fits well with the tenets of Self-Determination Theory and meta-
analytic evidence of the support-engagement connection (Ryan & Deci, 2020; Tao et al.,
2022). Academic self-efficacy was significant, but a relatively small predictor, in line with
Social Cognitive Theory (Bandura, 1997), while growth mindset, though significant, was also
a weak predictor, aligning with evidence that the effects of mindset, while real, are small and
heterogeneous (Macnamara & Burgoyne, 2023; Sisk et al., 2018; Yeager & Dweck, 2020).

The mediation effects are of particular interest. Because perceived teacher support and
growth mindset effects were fully mediated via engagement, their beneficial effects on
competency depend on them becoming translated into engagement in the learning process.
This is a crucial finding. It means that, as related to the present competency development
framework, teacher support is no longer an end but rather a means of engagement that goes
deeper. It also accounts for the non-significant direct effects for these antecedents. The
effects for Al literacy and academic self-efficacy, on the other hand, are both indirect and
direct, indicating their agentic and critical-evaluative qualities impact competency directly
and beyond the role of engagement (Shahzad et al., 2024).

The most consistent unexpected finding was the null role of facilitating conditions,
which failed to predict engagement or competency directly and produced no indirect effect.
Several interpretations are plausible and not mutually exclusive. Theoretically, facilitating
conditions in UTAUT2 were formulated to predict technology use rather than the deeper
engagement and competency examined here, so their limited reach is consistent with the
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boundary of that construct. Contextually, the rapid and broad build-out of Al infrastructure
in China may have produced uniformly high, low-variance perceptions of facilitating
conditions, weakening their power to differentiate students. A degree of measurement
weakness, reflected in two sub-threshold indicators, may also have contributed. These
possibilities temper any strong substantive conclusion; what can be said is that, as measured
here, perceived facilitating conditions did not behave as an engagement-enabling or
competency-enabling resource. This result speaks directly to the policy paradox identified at
the outset: the provision of access appears insufficient, in itself, to advance student-level
competency.

Conclusion

This study developed and tested an integrated, engagement-mediated model of
twenty-first-century competency development among Chinese university students in the age
of artificial intelligence. The evidence indicates that Al literacy, perceived teacher support,
academic self-efficacy, and growth mindset relate to competency largely through student
engagement; that Al literacy and academic self-efficacy additionally contribute directly; and
that the mere provision of facilitating conditions is, by itself, insufficient. The principal
contribution is the demonstration that student engagement is the common behavioural
conduit through which personal and social antecedents are converted into competency, a
conclusion underscored by the full mediation of both teacher support and growth mindset.

Table 7 consolidates the principal findings of the study, setting out for each construct
its association with student engagement, its direct association with twenty-first-century
competencies, the indirect effect transmitted through engagement, and the conclusion that
follows for theory and practice.
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Table 7

Summary of the principal findings, hypothesis outcomes, and conclusions.

Construct Path to SE Path to Indirect via Role of Principal conclusion
(code) (H1-H5) TCC SE engagement
(H7-H11) (H12-H16)
Al literacy H1: H7: H12: Complementary  Strongest driver of
(AIL) 0.494%** 0.302%** 0.216%** (partial) engagement and
Supported  Supported  Supported also a direct
contributor; critical,
purposeful Al use is
a curricular priority.
Perceived H2: H8: 0.065 H13: Full Reaches
teacher 0.444%** ns 0.195*** (indirect-only) competency only by
support (PTS)  Supported Not Supported deepening
supported engagement;
support is a means
to engagement
rather than an end
in itself.
Academic H3: H9: H14: Complementary Largest direct
self-efficacy 0.195%** 0.321%%** 0.085*** (partial) contribution to
(ASE) Supported  Supported Supported competency,
operating both
directly and through
engaged effort and
persistence.
Growth H4: H10:0.013 H15: Full A small but genuine
mindset 0.115%** ns 0.050** (indirect-only) effect, realised only
(GM) Supported Not Supported when the belief is
supported translated into
engaged learning
behaviour.
Facilitating H5:0.023 H11:- H16: 0.010 No mediation Perceived access
conditions ns 0.009 ns ns and infrastructure
(FC) Not Not Not alone advanced
supported  supported  supported neither engagement
nor competency.
Student — H6: — Mediating Strongest single
engagement  (mediator)  0.438%** process predictor of
(SE) Supported competency and the

common
behavioural
pathway from
antecedents to the
Four Cs.

Note. SE = student engagement; TCC = twenty-first-century competencies. Values are standardised
path coefficients from PLS-SEM with 5,000 bootstrap subsamples (N = 400); ** p <.01, *** p <.001,
ns = not significant. Mediation classified following Zhao et al. (2010) and Nitzl et al. (2016). R-
squared = 0.491 (SE) and 0.584 (TCC); Q-squared = 0.331 (SE) and 0.405 (TCC). Overall, eleven of the
sixteen hypotheses were supported.
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The findings carry several implications. Theoretically, the study shows that integrating
Social Cognitive Theory, Self-Determination Theory, and UTAUT2 within a presage-process-
product logic yields a more complete account than any single tradition, while also delineating
the boundary of adoption-oriented constructs in explaining developmental outcomes. For
policy and institutional practice, and stated cautiously in light of the facilitating-conditions
result, the findings suggest that cultivating students' Al literacy and strengthening need-
supportive teaching deserve at least as much emphasis as the provision of infrastructure. For
educators, the full mediation of teacher support implies that support is most valuable when
deliberately deployed to deepen engagement, alongside the cultivation of self-efficacy and
engaged, critical Al use.

Several limitations should be acknowledged. The cross-sectional design means that the
relationships are associational and cannot establish causality; all constructs were measured
by self-report from a single source; and competency was assessed as students' self-perception
rather than demonstrated performance, a particular caution in an Al context. The sample,
although diverse, was confined to Chinese undergraduates and fell short of the initial target,
and the facilitating-conditions construct could be refined. Future research should therefore
employ longitudinal and experimental designs to test causality, incorporate objective or
performance-based measures of the Four-C competencies, conduct multigroup analyses
across subgroups, refine the measurement of facilitating conditions, and replicate the model
in other national and cultural contexts. Despite these limitations, the study offers a coherent,
empirically grounded foundation for understanding, and ultimately strengthening, the
development of twenty-first-century competencies in the age of artificial intelligence.
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